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HISTORICAL DEVELOPLNT 


Gasoline and other ap fuels may be obtained from coal by direct.and 
indirect hydrogenation. The direct process, usually termed the coal-hydro- 
genation or the Bergius process, was patented in Germany by F. Bergius in 

1914 and developed to a commercial stage by the inventor and I, G,. Ferben~ 
industrie, From a chemical point of view, the coal-hydrogenation process con- 
sists of adding hydrogen to the complex coal molecules and removing oxygen so 
that its chemical constitution is changed to that of petroleun, aie a the 
coal substance ‘liquefies, yielding an aromatic. crude oil, - | 


In the indirect-hydrogenation process, known as the Fischer-fropsch proc- 
ess (invented by Franz Fischer and Hans Tropsch in Germany), coal, lignite, or 
natural gas is first converted to water gas, a mixture of carbon monoxide and 
hydrogen. This mixture of gases, in proper proportion and after suitable puri 
fication, is then passed over a solid catalyst at relatively low pressures (1 
to 20 atmospheres) and temperatures ranging from 180° to 260° C, The products 
obtained are. gasoline, Diesel oil, liquefiabls gases, and paraffin wax. 


Catalytic hydrogenation of the oxides ‘cf carbon has been actively studied 
for about 50 years, Sabatior ‘and ‘Senderéns, who published their results in 
1902," produced methane ‘by passing a ‘Suitable mixture of hydrogen and carbon 
nenode or dioxide oyer a reduced nickel catalyst at a temperature between 
200° and 250° C, These reactions are Fepresentéd by the following equations: 


- 3H, ara CH, a 


The relatively high temperatures and ides er excess in the reacte 
ing gases favored the formation of methane’ rather" sy nn EHer molecular weight 


hydrocarbons, 


‘In 1913 the first liquid hydrocarbons were synthesized by the Badische 
Anilin und Soda Fabrik in Ludwigshafen, Germany, using catalysts consisting of 
the oxides of cobalt, osmium, or zinc, saga be) mae alkali, a temperature 
about 350° C., and a pressure of 100 atmospheres, Some oxygenated organic 
compqunds were also found to be present. After a lapse of some years during 
the First World ‘iar, work on the catalytic reduction of carbon monoxide was 
renewed in 1922 by .Fischer and Tropsch, of tie fuel-research laboratory of the 
Kaiser “filhelm Institute in Berlin, Germany, ‘Using as‘catalyst iron shavings 
impregnated with potassium carbonate, over which was passed’a mixture of hydro— 
gen and carbon monoxide, at 400° to 450° C. and 100 to 150 atmo$pheres pressure, 


tae ef @ @ 


Hearings before a Subcommittee of the Committee on Public Lands and Surveys, 
United States Senate, 78th CongreSs8, First Session on S123, August 3, 


4, 6 295. and-11, 1943, ppe 170, 172, 270-72. 
L/ Spencer, i. D., The Science of Goal-to-Oil Conversion, Part 4, Fischer— 


Tropsch Synthesis: Petroleum, June 1944, vol. 7, ppe 90-94. 
5f See footnote 3. us 
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a product called "Synthol" was obtained, This material contained no hydrot 
carbons, by only oxygenated compounds, such as alcohols, aldehydes, ketones, 
and acjds, ; : 


Because of the low calorific value of the alcohols and other oxygenated 
compounds -in comparison with hydrocarbons, which renders them unsuitable for 
use as motor fuels, a less highly oxygenated product was desirable. Fischer 
and his coworkers observed that reduction in pressure decreased the content 
of oxygenated compqunds of synthol and that the liquid product obtained at 
pressures below about 7 atmospheres was mainly a mixture of olefinic and par- 
affinic hydrocarbons, As lower temperatures were also desirable for prolong- 
ing the life of the. catalyst and for promoting liquid rather than gaseous 
hydrocarbon production, the reaction was investigated at decreased tempera- 
tures as well as pressures. As the rate of reaction decreased sharply wit 
decreasing pressure and temperature, more active catalysts were essential, 


In 1925-6, Fischer and Tropsch, 8/ using very active catalysts consisting 
of metals of the iron group plus various activating agents, obtained their 
first successful results with mixtures of hydrogen and carbon monoxide at 
atmospheric pressure and temperatures between 200° and 300° C. The organic 
product, named "Kogasin" by Fischer, was almost free from oxygenated compounds 
and consisted of gaseous, liquid, and solid hydrocarbons composed mainly of 
Straight-chain paraffins and olefins, Its precise compcsition is a function 
of the catalyst employed and of the operating conditions. : 


In the interval from 1925 to 1933 active cobalt, nickel, and iron cata~ 
lysts for this synthesis were developed by German, British, French, American, 
and Japanese chemists. Investigations were continued also on the technological 
development of the synthesis and on the mechanism of the reaction. 


The British investigators, Elvins and Nash2/ observed the formation ‘of 
oily material on a cobalt;copper—manganese oxide catalyst at atmospheric 
pressure and at temperatures from 245° to 284° C, The products included some 
oxygen—containing compounds in addition to hydrocarbons. Smith, Davis, and 
Reynolds;=/ of the U. S, Bureau of hiines, reported the presence of olefinic 
as well as saturated. ,araffinic hydrocarbons in the product. In 1928, 
Fischer and Tropscht/ disclosed the results of an extensive examination of 
the gaseous and liquid hydrocarbon products of the synthesis at 190 C. on an 


6] Leva, hax, Translations of German Documents on the Development of Iron 


Catalysts for the Fischer-Tropsch Synthesis-I; Lecture and Discussion 

on Iron Catalysts for tne widdle Pressure Synthesis, uaiser Wilheln 
Institute for Coal Research, Muelheim-Ruhr by H, Pichler, Sept. 9, 1940, 
TOi Reel 101 Doc, PG=21574-NID: Bureau of kines Inf, Circ, (in press). 
See footnote 6. _ ee | 1 oe we 
Storch, H. H., Chemistry of Coal Utilization: National:Resgarch Council 
(H. H. Lowry, ed.), John ‘Wiley & Sons, Inc. 1945, vol.-2, chap. 39, pp. 


ce 


9 See footnote Se : 
1o/ see footnote 8, ’ 


li/ See footnote &, 
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iron=copper catalyst at atmospheric pressure, No hydrocarbons other than 
olefins ‘and saturated paraffins were found, The liquid product boiling 
between 60° and 185° C,: containcd 30 perccnt saturatcd paraffins that were 
largely octane, nonane, and isononane which were positively identified. 
Olefins compriscd the remaining 70 pcrcent, 


From. 1928 to 1930 the Burcau of Mines devolopcd an‘ active iron=copper 
catalyst. Dctailed data were presented by Smith, Hawk, and Hcynolds on 
the yield of. olefinic and paraffinic hydrocarbons by use of a cobalt—copper- 
manganese oxide catalyst at temperatures of 200° to "260° C, The lower hydro- 
carbons were analyzed completely. Further examination of the products of the 
synthesis on an iron—copper and on a specie cae papiionenen Sy) catalyst by the 
German experimenters Fischer, Tropsch, and Tropsch and Kochh3/ resulted in 
identification of various olefinic and paraffinic hydrocarbons; it showed the 
absence of naphthenes and diolefins, but small quantities of less than 0.5 
percent of benzene and toluene were found. 


The French workers Audibert and Raineaul4/ experimented with the high= 
pressure synthesis, using catalysts such as iron phosphate and iron borate at 
150 atmospheres, The products contained chiefly alcohols, In hunting for 
clues to the reactZon mechanism of the’ synthesis, hydrocarbons by the reduce 
tion of carbon monoxide, Smith, Hawk, and Gold working at the Bureau of 
Mines, found that on cobalt catalysts, ethylene when mixed with synthesis gas 
participated in the synthesis to form normally liquid hydrocarbons, whereas 
on an iron-copper catalyst the added ethylene appeared largely as ethane. 


This difference in reaction indicated that the mechanism of hydrocarbon 
formation on an iron=copper catalyst is essentially different from that on a 
cobalt~copper-manganese oxide catalyst. 


Japanese studies included experimental work on the properties of iron 
copper catalysts and copper-cobalt catalysts promoted with oxides of magnesiun,,. 
thorium, tungsten, uranium, molybdenum, and chromium, In Great Britain the 
fuel=-research laboratory at Greenwich conducted extensive laboratory tests on | 
the activity of cobalt catalysts and on the synthesis of lubricating oils from 
the lower boiling oils produced in the Fischer-Tropsch process, 


INDUSTRIAL DEVELOPLUNT 


By’ 1932 Fischerd6/ and his coworkers had’so improved the activity of the 
nickel and cobalt catalysts by better methods of preparation that a yield of 
liquid hydrocarbons of 100 to 153 cc. per cubic meter of gas mixture at 200° 
C. or 71 percent of the thcoretical was obtained, Considering their process 
sufficiently well developed on a laboratory scale, they recommended pilot=-plant 
experimentation, 


10, See footnote 8, _ | 


13/ See footnote 8, 
li/ See footnote 8s 


ey See footnote 8. 
16/ See footnote & 
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The catalyst employed in the pilot plant was nickel-manganese~aluminum 
oxide supported on kieselguhr and’ prepared ‘by’ ‘precipitating from the nitrates. 
with potassium carbonate. Synthesis gas was prepared by conversion of coke- 
oven gas with steam over coke and freed from organic sulfur by heating to 
400° C. in the presence of an iron catalyst and subsequent scrubbing with. 
alkaline ferrocyanide solution... Operating conditions were specified as 1. 
atmosphere pressure and a ' temperatuire of 190° to 210° C.. The catalyst was. 
reactivated every 1,000 hours by extraction of the solid paraffin with gaso~ 
line. The catalyst. chambers, suspended in an oil batn for temperature con- 
trol, were narrow boxes 1.2 by 10 by 500 centimeters, The gasoline product . 
of the synthesis consisted mainly of straight-chain hydrocarbons, of which |. 

15 to 38 percent were olefins, The fraction of the oil product boiling over 
220° C. was better than gas oil for Diesel fiiel, The solid paraffin had a 
melting point of 18° C. These materials were produced in the ratio of gaso- 
line; oils’ boiling above 220° 5 paraffin = 4:1:0.2, 

a 

In 1933 the Ruhrchemie A. G 17/ undertook to construet a Siete of ae 000 
tons of oil a year capacity at Oberhausen<Holten, Ruhr, Germany, It was ” de~ | 
Signed to produce motor fuel and lubricating oil. The catalyst was a nickel-. 
aluminum-manganese-on-kieselguhr preparation, over which synthesis gas, con= 
sisting of 1 part of carbon monoxide and 2 parts of hydrogen, completely 
purified from sulfur (to about 1 grain per 1,000 cubic feet) was passed at _ 
190° to 210° C, and atmospheric pressure. Several plants were subsequently | 
built in the Ruhr, ‘using coke from bituminous ceal as the source of synthesis . 
gas. Other plants were erected in Central Germany and‘in Silesia, At the end 
of 1936 there were five Fischer-Tropsch plants in Germany, with a total capacity 
of about 145,000 metric tons of primary oils a year. These were the Rheinprets= 
sen Colliery at Homberg, 30,000 metric tons of primary products consisting, of 
gasoline, Diesel oil, soft and hard paraffin wax, oils for the production of 
fatty acids. and for éther chemical uses, from blast~furnace coke and coke-oven 
gas; Ruhr Bengin A, G. (subsidiary’of Ruhrchemie) at Oberhausen-Holten and 
the Viktor Colliery at Castrop-Rauxel, éach 30,000 tens. of ‘primary oil per | 
year from coke; Braunkohle=Benzin A, G., known as "Brabag"} at Ruhland, north 
of Dresden, 25, OOO tons of primary oils using synthesis~gas produced by the 
gasification of brown-coal briquets; and liitteldeutsche Treibstoff und Oel Werke 
(subsidiary of ‘Jintershall A. G.)} at Kassel, 30,000 tons of primary oils a 
synthesis gas resulting from the gasification of brown coats 


The capacity of these plants was increased in 1937 and 1938 so that the 
total yearly oil and gasoline output was raised to 300,000 tons, Toward the © 
end of 1938 additional plants were under construction that would increase the 
yearly output to a total of 325 O00 metric tons. 


In 1938 Germany halted construction of Fischer-Tropsch plants and engineer-= 
, ing development of the process, in favor of coal hydrogenation. In April 194 
members of the United States Technical Oil Mission inspected seven synthetic 


ow 


See footnote &, | i ae 

18/ Technical Oil Misson. Investigation of Ruhr Synthetic Oil Plants, T.1.1.C. 
Report 17: Natl, Petrdl. News, vol.‘ 37, Noe 45, 1945, sec. 2, pp. RSOl- 
R86h46 


1095 ~5- 


Google 


I.C. 7366 


oil plants in the Ruhr Valley which used the Fischer-Tropsch process, These 
were: Sterkrade~Holten Ruhr-Benzin-Ruhrchemie A, G.; Gutehoffnunschutte A, 

G. - Sterkrade; Castrop-Rauxel Plant-Klocknerwerke A. G.; Wanne-Eichel Plant- 
Krupps; Hosch=Benzin and Kamen-Dortmund Plants; and Lurgi Frankfort. The 
Ruhr plants used a cobalt-thoria-magnesia-kieselguhr catalyst in atmospheric 
and medium-pressure (10 Sl eenceee) reactors, The medium-pressure ovens 
consisted of a nest of pairs of vertical tubes, (figel), one inside the other, 
the catalyst lying in the annular space between the tubes, No full-scale 
plants were operated with an iron catalyst, but plans had been projected to 
build a Fischer-Tropsch plant in Italy that would use an iron-copper-calcium 
oxide-kieselguhr catalyst. ‘Although the capacity of German Fischer-Tropsch 
plants was about 700,000 tons a year, in 1943 only 368,000 tons were etek), 
as compared with 3,088,000 tons produced by the coal~hydrogenation process, 


Ruhrcohemie designed the Currieres-Kuhlmann Fischer-Tropsch plant at Harnes 
France £2 for a basic output of 20,000 tons a year, Basic raw material for 
this plant was coke from the high-temperature carbonization of French coal. 

The synthesis gas obtained had the following composition: carbon monoxide 

27 percent, hydrogen 54 percent, carbon dioxide 14 percent, and nitrogen and 
methane 5 percent. Sulfur was removed by washing the gas with ammonia water 
to remove hydrogen sulfide, followed by scrubbing the gas with Fe 03, and 
finally by passing the gas through an Feo03 catalyst containing about 25 per- 
cent of NazgC03 at 200° to 300° C., to remove organic sulfur, The catalyst 
consisted of 18 percent cobalt, 1.8 percent magnesium oxide, 0.9 percent | 
thorium oxide, and 79.3 percent kieselguhr, The reactors were rectangular 
boxes about 20 feet long by 6 feet deep by 9 feet high and consisted of 600 
2-mm, steel sheets spaced 7 mm, apart and pierced by tubes filled with hot 
water. A cross-sectional view of one’ of these reactors is shown in. figure 2. 
Each reactor had a total surface of 5,000 square meters and weighed 50 metric - 
tons, The catalyst was placed in the voids between the baffles and the tubes. 
Synthesis took place in a two-stage operation. Two-thirds of the converters 
were used in the first stage. The effluent from the first stage was cooled 
and condensed and the resulting heavy product removed. The gases were next 
sent to the remaining one-third of the converters for the second pass, As 
before, the products were condensed and separated, The residual gas contained 
considerable gasoline and butane, which were collected in an activated charcoal 
system and later steam stripped, The average yield from the German Fischer 
Tropsch plants was 150 grams (per cubic meter of 2H2 plus 1CO synthesis gas) 
of hydrocarbons ranging from propane-propylene to waxes of 2,000 molecular 
weight, | 


It was reported that in 1944 Japan was operating three Fischer-Tropsch 
plants whose total yearly capacity was about 110,000 tons of primary products, 
Actual production amounted to only a small fraction of this figure. The peak 
production of the war years, reached in 1944, was 17,810 kiloliters (12,467 
tons) of finished’ products (including gasoline, kerosine, fuels, and Diesel oils’ 


See footnote &, Se e 
20/ National Petroleum News, Fischer-Tropsch Plants Gave Nazis Diesel, 


hotor 
Fuels, Lubricants: Vol, 37, Noe 45, sec. 2, pe RIZL. ) 
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In 1938 Great Britain was operating an experimental plant of 150 gallons per 
day capacity in which the Robinson-Bindley process was tested. It differcd 
from the Fischer-Tropsch process in several respects and particularly in that 
it operated with a higher carbon monoxideshydrogen ratio, A small experimen- 
tal plant of about 4 ee per day capacity was erected by the Fuel Research 
Board. 


In the Bureau of Mines, United States Department of the Interior investi- 
gators resumed experimental work in 1942 after a lapse of 12 years. Iron and 
cobalt catalysts were studied on a laboratory scale, An engineering laboratory 
for developing process improvements and for pilot-plant operation on the scale 
of a few quarts of oil a day was operated for about 8 months, A pilot plant 
under construction at Bruceton, near Pittsburgh, will have a capacity output of 
13 barrels of Fischer=Tropsch oil per daye 


The eqst of production per gallon of gasoline and Diesel oil, with natu= 
ral gas at 5 cents per 1,000 cubic feet, was given by, the Standard Qil Co, 
of New Jersey in 1942 as ” about 9 cents.2 ‘In some areas where natural gas 
may be obtained for less than 3 cents per 1,000 cubic feét, the cost per 
gallon of gasoline and Diesel oil should be about 8 cents. - The cost of 
gasoline production, using natural gas at 3 to 5 cents per 1,000 cubic feet 
ag raw material, was reported to be close to the present cost of production 
of gasoline from petroleum, Natural gas at 3 cents per 1,000 cubic feet is 
equivalent to coal at about 60 cents per ton. If and when natural-gas re- 
serves are exhausted, coal could be substituted for natural gas with.a gaso~ 
line cost of about 10 cents per gallon, exclusive of possible cost~lowering 
technological advances, according to an estimate by Hydrocarbon Research, Ince2/ 


| Hydrocarbon Research, Inc,, headed by P, C, Keith,23/ will probably have 
the first commercial~size Fischer-Tropsch plant in the country when it come - 
pletes its projected building program at Brownsville, Tex. According to 
announced -plans, ground for a 05, 000,000 plant was to be broken in February 
and operations were to begin some time in 1946. The plant will be designed 
to produce about 5,000 barrels per day of 80-octane number gasoline and 1,000 
barrels per day of Diesel oil and is expected to turn out an additional 200,000 
pounds of crude alcohols daily. Daily raw material rcquirements will include 
65,000,000 cubic feet of natural gas and 40,000,000 cubic feet of oxygene 

The large oxygen requirement results from the use of a controlled oxidation 
process rather than a modificd water-gas reaction for producing the synthesis 
gas. By using heat from the exothermic synthesis reaction, stcam is obtained 
to provide power for the compressors, and the oxygen is said to be produced 
for only 5 cents a thousand cubic fect. The experimental-plant (IO gallons a 
day). and pilot-plant (10 barrels a day) phases oe the work wore carried out 
at Olean, N.Y... 


The pilot plant is reported to contain a fixed fluidized bed of iron cata- 
lyst with an internal heat exchanger, and the operating conditions ‘ are about 
300° C., 20 etmoepncl es) arid sdme retycling of “end ee | ih 


: _ see footnote ic a 
22/. Collier's, Nove. 2h, 1945, Pe 26; Business Week, July 21, , 1945, Pe Ths 
Petrol. Refiner, vol, 25, uarch 1946, pe 142. 
23/ See footnote 22, ' 
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PROCESS DEVELOPMENT IN GERMANY 


The only outstanding process development during the Second ‘orld War 
using the cobalt catalyst consisted in recycling about 3 volumes of end-gas 
from the = BEY stage per volume of fresh gas, with product condensation after 
each cycle, On a pilot-plant scale this development resulted in an in» 
crease of 30 percent in the throughput without sacrifice in yield or in an 
increase of the yield from 150 to 170 grams per cubic meter of 2H + 1C0 gas 
at the same throughput, Using the recycle process and charging 1H5 + 100 gas 
mixture, the olefin content was increased from 20 to 55 percent in the liquid 
fractions of the product, The use of 1Hj+# 1CO gas in the older process with~ 
out recycling resulted in a low catalyst life because of carbon deposition. 
The recycle gases lowered the partial pressure of the carbon monoxide suffi- 
ciently to avoid excessive formation of carbon, The recycle process gasoline 
had a 50 to 55 motor octane number as compared with 40 for the older process 
without recycle. Refining the gasoline from the recycle process by passage 
over activated. clay increased the octane number to. 70 without appreciable 
decrease in yields, | 


Process development using iron catalysts was under way in Germany. A 
pilot plant operated by I. G. Farbenindustrie utilized a hotegas recycle proc— 
ess and a sintered=iron patalyst.25/ Iron powder obtained by decomposition 
of iron carbonyl was made into a paste with a dilute solution of sodium borate, 
which was extruded into granules. The dried granules were heated at 850 C, 
in a hydrogen atmosphere for several hours before use in the synthesis, which 
was conducted at 320° C,, 20 atmospheres, and 3/l-second contact time, with 
recycle of the gases through a heat exchanger to remove heat of reaction. 
Conversion per pass was about 1 percent, so that about 100 volumes of recycle 
gas to one of fresh gas entered the converter, The space-time yield was about 
1 kilogram of product per liter of catalyst per day (this was three to five 
times that from the Ruhrchemie cobalt process), The distribution of products 
was as follows: Unrefined highly olefinic gasoline of 75 to -81 research 
octane number, 44 percent (yielding 40 percent of refined gasoline of 8486 
research octane number); Diesel oil of 47 to 53 cetene number and minus 25° Cy. 
pour point; C,, 7 percent; €3, 8 percent (C), and C3 were 80 percent unsaturate:: 
CoH) > percent; CH, + CoHg, 17 percent; alcohols, chiefly ethanol and propano? 
7 percent; paraffin wax, 1 percent. 


I. G, Farbenindustrie was also engaged in a liquid-phase operation in 
which iron powder prepared from iron carbonyl was mixed with oil and the gas 
contacted with this liquid suspension. Lore Diesel oil (60 to 70 cetene number ) 
was obtained by this process than from the hot-gas recycle process, The gaso— 
line from the liquid-phase process had a research octane number of 90, In 
another I. G. F. development a cooling oil was passed concurrent with the 


Atwell, H. Vs, Powell, A. R., and Storch, H. H., (compilers), Fischer— 
‘Tropsch Report 1: TAC Report Sn MC=l, July 19, 1945; Hall, C. C., and 
Haensel, V. (compilers), The Fischer-Tropsch Plant of Ruhrchemie A. 
G., Sterkrade-Holten, Ruhr: TAC Report Sn MC-11, July 5, 1945. 

25/ See footnote 2h. me 
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synthesis gas over granules of an iron catalyst (synthetic ammonia type, 
doubly promoted with Al,0, and K,0). The cooling was effected by recycling 
the heated oil through an external heat exchanger, | 

Lurgi development work involved recycle operation of the Fischer-Tropsch 
process, using a Ruhrchemie convéntional, externally cooled 10 to 20 atmos- 
phere converter and both cobalt and iron catalysts, Both the Lurgi and I. G, 
Farbenindustrie companies found that, by employing iron catalysts that were 
not highly active and operating with recycde at temperatures of 275° to 320° 
C., the proportion of gasoline in the product could be greatly increased and 
that of paraffin wax reduced to less-than one percent. The gasoline was a 
highly olefinic one of about 75 motor octane number, - In the United States 
similar processes have been developed using fluidized-iron catalyst systems, 


Two new processes were developed for the salma}: re of higher alcohols 
by the Fischer-Tropsch synthesis, The Synol proces was operated at 18 
to 25 atmospheres pressure, using a gas mixture of 100+ 0.8H, and temperatures 
of 200° to 235° C. The catalyst consisted of granules of fused Fe30),-A1203-K20 
in the proportions of 97 to 2,5 to 0.4. Two stages ‘of operation were used, 
each with a recycle of about 50 volumes of end~gas per volume of fresh gas, 
The products consisted of. liquid hydrocarbons (50 to 65 percent) and alcohols 
(35 to 50 percent) boiling in the range 50° to 350° C. The alcohols were 
chiefly normal, but there was some branching in the hydrocarbon product, 
f 

The second development, the OXO process21s28/ was developed by Ruhrchemie, 
It was intended. for the production of higher alcohols for use in detergent 
manufacture, particularly those in the group from Cj to Cig. In this process 
carbon monoxide and hydrogen were added to olefins followed by reduction of _ 
the aldehyde thus produced to the corresponding alcohol, A narrow fraction 
of the olefins from the Fischer-Tropsch process, the Cio to Cig cut, was mixed 
with three to five percent of cobalt-thorium oxide-magnesium oxide-kieselguhr 
(in the proportions of 30 to 2 to 2 to 66) catalyst, and reacted with a sixture 
of 1CO+ Ho gas at a pressure of 200 atmospheres and a temperature of 150° Ce. 
The product, consisting of 80 percent aldehydes and 20 percent alcohols, was 
hydrogenated over a nickel catalyst at the same pressure and somewhat higher 
temperature, 170° C, - 


A process for the synthesis of isoparaffins, chiefly isobutane and iso- 
pentane was developed on a pat) pag at the Kaiser ‘“Jilhelm Institute 
fur Kohlenforschung in Germany .& This process operated at 300 atmospheres 


26/ Holroyd, R. (ed.), Report on Investigations by Fuels and Lubricant Teams 


at the I, G. Farbenindustrie A. G. :iorks at Leuna: Sept. 24, 1945. 

27/ See footnote 26. | 

28/ Combined Intelligence Objectives Subcommittee, Réport on Visit to Oil 
Targets in the Ruhr and Hanover Areas, I.I.1.C,. Index’ No. 3; Nat. Petrol. 
News, vol. 37, No. 45, sec. 2, 1945, pp. R926-R930. a 

29/  U. S. Naval Technical Mission in Europé, Wartime Research on Synthetic 
Fuels by the Kaiser ‘iilhelm Institute fur Kohlenforschung; Tech. 
Report No. 110-45, Oil and Gas Jour., vol. 37, Jan. 19, 1946, pp. 86-89. 
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pressure of 1H, + 1.2CO gas, and 400° to 450° C,, using thoria~alumina and 
zinc oxide-alumina catalysts. Another process using these same catalysts at 
500° C, and 30 atmospheres pressure of 1C0 + 1H gas was reported to produce 
aromatic hydrocarbons, but only poor yields were obtained. Both of these 
processes now have. atte industrial significance. | 


DISCUSSION OF KECHANTSK OF FISCHER~TROPSCH PROCESS 


The main :components of: the Fischer-Tropsch catalysts that are active in 
the synthesis of liquid hydrocarbons from hydrogen and carbon monoxide are 
cobalt, iron, nickel, and ruthenium, 


The reaction between hydrogen and carbon monoxide to form hydrocarbons 
may be represented cae by means of the zoltourne equations: 


Using cobalt garaiyst, CO + 2H - +: (CHy) + H,O + heat, 
Using iron catalyst, 2CO+ H, -: (CHo) + CO> + heat, 


in which the formula (CHg) represents the hydrocarbons produced. The theo 
retical yield of primary liquid products from 1,000 cubic feet of 2Hp + 100 
synthesis gas is 2 gallons.30/ However, as incomplete reaction and gas 
formation reduce the yield of the products, in practice the yield of hydro- 
carbons other than methane, ethane, and ethylene is 1.4 to 1.5 gallons per 
1,000 cubic feet of synthesis gas, The heat to be removed is about 7,000 
Bate Us. per pound of product, or 20 percent of the heat of combustion of the 
synthesis gas,o2/ 


One of the most widely accepted explanations of the mechanism of the 
synthesis is that the reaction takes place by way of metal carbide formatione?/ 
Iron and cobalt form relatively unstable carbides of nonionic crystal struc- 
ture, when exposed to carbon monoxide in the temperaturerange of the synthesis, 
Below 350 C,. these carbides react with hydrogen to yield quantitatively meth-= 
ane plus a few percent of ethane, Above 350° C, the carbides decompose to 
carbon, It is probably significant that the optimum tem mperature ranges in this 
synthesis -- 185° to 215° C, for cobalt and 240° to 320° C. for iron catalysts 
-- are below 350° C, Reaction of the carbides with dilute acids results in 

the formation of normally liquid hydrocarbons, 


In the synthesis when a freshly reduced catalyst is exposed to hydrogen 
and carbon monoxide the first hydrocarbon product is methane. However, within 
a few hours, higher molecular weight hydrocarbons appear. On the basis of the 
carbide theory, it appears that in the first stage of the process carbon mon= 
oxide is adsorbed on the catalyst, forming the carbide, and that hydrogen 
subsequently aaa with the cafbide to form methylene(CH,). groups which either 


Kcaarcneky, TV. I., Production of Synthetic Liquid Fuel from Natural Gas: 
Petrol. Refiner, Vol. 24, May 1945, pp. 96-98. 
31/ See footnote he 
32/ Storch, He H., Catalysis in Synthetic Liquid Fuel Processes:. Ind. Enge 
Chem, Vol. 37, April 1945, PPe 31,0351, : . 
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combine with hydrogen to give methane or polymerize, with the formation of 
nigher hydrocarbons, Both reactions occur at the same time and at about 

the same rate. ‘shen the catalyst surface contains larger amounts of chemi- 
sorbed hydrogen, the methanization reaction is favored. In the early stages 
of operation with a fresh catalyst chemisorbed hydrogen is present in large 
amounts, Subsequently, carbide and hydrocarbon formation reduces the volume 
of active hydrogen on the surface, As long as the carbide is constantly re- 
generated, higher hydrocarbons can be produced, The absence of higher hydro- 
carbon formation during the initial period of operation with an active 
catalyst is explained by the time necessary for covering most of the catalyst 
surface with polymethylene groups to slow the reduction of methylene to. 
methane. a ee : 


Although both cobalt and iron form-metal carbides, evidence exists that 
the mechanism of the synthesis on cobalt catalysts differs from that on iron 
catalysts. The first obvious difference is that during the synthesis water 
is the chief oxygenated product when cobalt catalysts are used and carbon 
dioxide is formed with iron .eatalysts, The ratio of the partial pressures 
of methane to ethane plus ethylene in the off-gases from the synthesis differs 
markedly for different catalysts, as shown in table 1, This ratio for cobalt 
is almost 20 times larger than that for iron-ccpper, This fact should be. cor- 
related with the discovery that ethylene reacts in admixture with carbon mon=- 
oxide and hydrogen on a cobalt—copper=manganese oxide catalyst to form large 
quantities of hydrocarbons and of oxygen-containing compounds which dehydrate 
in the process to form hydrocarbons, Alone, or in admixture with either care 
bon monoxide or hydrogen, ethylene does not form higher hydrocarbons when 
passed cver the same catalyst at 200° to 250° C, and atmospheric pressure, 
nor does ethylene enter into reaction on iron-copper catalysts, In the latter 
case the ethylene appears as ethane. : oe 


TABLE 1. ~ Bureau of Mines analyses of residual hydrocarbon gas 
from Fischer-Tropsch synthesis after one pass 


through catalysts (in percent by volume ) 


Catalyst |ComThOg-kicseleuhr | Fe | Fe-Cu 
7 


heOUnaNne ses 600 sieseweseewes ees 20,2 


Ethan€eccvecevaccecesssccccee 31.5 
Ethylene ssececccccccsvcccsecce 93 
FrOpan€ os s:660060ossee 60s sees 12.4 
Propylen€ecccccccccvccocccese 21.2 
DUCANGCS 64:06 .0.06.6.b0ubdew esos wens 1.5 
BUCCHCS ssn. eee esse ace see 309 


Ratio, © ¢C ©0008 @20e0e0e0e 


4 


PRODUCTION OF SYNTHESIS GAS 
The Fischer-Tropsch process uses as raw material mixtures ranging in. com- 
position from 1 part of carbon monoxide to 1 or 2 parts of hydrogen. A typi- 
cal analysis of the synthesis gas used on the commercial scale by the Ruhrchemie 
A. Ge in Germany is as follows: 55 percent hydrogen, 27.5 percent carbon 
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monoxide, 14,0 percent carbon dicxide, 0.6 percent methane, 2.7 percent ni- 
trogen, and 0.2 percent oxygen.de/ Tne Fischer-Tropsch process can be satis-—- 
factorily operated with the content of inerts as high as twelve percent, 


The prin¢ipal source of mixtures of carbon monoxide and hydrogen is the 
reaction between steam or carbon dioxide and carbcqnaccous materials such as 
coal, coke, oil, coke-oven gas, or natural gas, The average composition 
of water gas is 51 percent hydrogen, 40 percent carbon monoxide, 3 percent 
carbon dioxide, and 5 percent nitrogen and methane, 


Conversion cof Coke or Cyval 


In the older water-gas generators coke was treated with steam ina gen 
erator. Periodic blasting with air was essential to maintain the operating 
temperature above 1,000° C. These air-blasting operations were conducted at 
relatively hign pressures and high space velocities so as to decrease the 
air=blast time to cne=sixth to onc-eighth of the steam blast and thereby re= 
duce the heat losses, About 35 to 40 pounds of cokc were consumed per 1,000 
cubic feet cf water gas produced, It was necessary to add to this coke con= 
sumption the amount necessary to produce the steam, of which about twice the 
theorctical amount was employed, The yicld cf water gas was 60,CO0O cubic 
fect per ton of coke. At Belle, i. Vae, the du Pont Co. operates the largest 
plant in the ‘iestern Hemisphere for the prceduction of watcr gas by the 
classical system cf alternate blasting with air and steam, Until 1936 onc of 
the largest installations cf watcr-gas generators was that at Billingham, 
England. There were 21 generators, each of which produced 172,000 to 950,000 
cubic feet of water gas per 24 hours from coke and steam, These generators 
had an inside diametcr cf 8.8 to 16.3 fect, 


The German firms Bamag and Didicr-Werke in 1936 built generators whose 
unit capacity was about 22 million cubic fcet a day, .The Didicr gencrators 
were in service at tne Erabag plant at Ruhland in central Germany, The 
Brabag plant had six gonerators, each with a capacity cf about 900,000 cubic 
feet per hour, One=quarter— to one-inch non=coking coal or lignite briquets 
are used to react with the steam in the Didicr eenerator, The generator is | 
a combination of a vertical retort and water=cas generator, both being oper= 
ated continuously. The bituminous coal cr lignite moves downward from the 
hopper, and the preduced retort gas that flows up through the bed cf hot ccke 
has its methane content convertcd bv pyrolysis and reaction with steam, The 
resulting gascous product is a mixture of carbon monoxide and hydrogen suitable 
for the Fischcr process, Only such quantity of cokc is produced as suffices 
for operating thc gas producer for heating the carbonization chambers, A 
part of thc stcam is made by means cf the sensible heat in the gases produced, 
and the remaindcr is obtained by the heat of reaction in the Fischer. process. 
The composition of the product iss 9.4 percent carbon. dioxide, 30.5 percent 
carbon monoxide, 56.5 percent hydrogen; 1.0 percent methane, 242:percent nitro— 
gen, O«2 percent oxygen, 0.2 percent ChH., in which the.ratio-of hydrogen to 
carbon monoxide is 1.95, The thermal officioncy when using lignite briqucts 
is 75.5 percent, -: < eee ; 


See fcotnote 8, ; = emrar ars 


34/ See foctnotes 4 and 8. Ses 
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The Pintsch-Hillebrand generator is similar to the Didier machine in 
that it has both a carbonization and a gasification zone, Lignite briquets 
pass countercurrent to a flow of a preheated mixture of steam, carbonization 
gas, and a fraction of the synthesis-gas product,. 


The Bamag generators, which were of the i/inkler model, were in service 
at Oppau and at Lersebourg, Germany,. The Winkler generator operates con= | 
tinuously, using 1 volume of oxygen plus 2 volumes of steam superheated to 
375° C. for continuous blasting, Lignite, coal, or semi-coke, 4- to 40-mesh 
in size, can be used as fuel, The fuel is kept "an a stage cf turbulent agi- 
tation like a boiling liquid by the ascending gases consisting of air plus 
steam or oxygen plus steam, In this way tne fuel bed, which is about 5 feet 
thick, is heated rapidly and uniformly. Table 2 shows the composition of the 
product and the consumpticn of raw material, The hydrogen content of the gas 
is about 40 percent, the remainder being oxides of carbon and nitrogen. THe 
ratio cf carbon monoxide to dioxide depends on the operating temperature and 
-hence on the ratio of oxygen to steam, but the carbon dioxide content is usu- 
ally rather high, and the gas requires further treatment tc increase the 
hydrogen content. 


TABLE 2. — Products and raw-material consumption in Winkler generator 


Gas composition 


CO) § si: deo Ss oa deh ee bee Kis 

CO evess wine's wes kde ecw See ew ees L7 to 36 H 3269 
Ws dbs Shae ek de eee eee ie eee | 39 to ral : 297 
CHjeiv.ais 0.00: 0:5'ein wee sie eKwe.aosiee:c| 0.6 to 0.4 ‘ as 
Noe geese sccccvcesecceveceecs | O44 to 0.5 | 20.9 
Raw-material consumption per 1,000 cubic feet of product 

! ‘ 

Coke..s.eseeeceeeees ee pounds | 10.9 33.0 
RAY o6:6s0s0 06 0b eeeeCUDLC feot | -. «oe 242 
O> (98 percent)...cubic feet — «28k 179 
HoOcccesccecccceseseoepounds | JO. | 13.2 


About seven large Winkler gas generators were in operation in Germany, 
and cne employed at Leuna produced 2,648,000 cubic feet of gas an hour, The 
chief advantage of the Winkler machine is that it will function with a wide 
variety of finely divided fuels, such as semicoke and lignite, In addition, 
‘its gas-generating capacity per square foot of generator surface is 5,000 to 
10,000 cubic feot as oe with I, 500 cubic feet for the old-style water- 
gas machines, . 6.5 


‘The Lurgi process for senityine-eolte fudls: using steam and oxygen under 
20 atmospheres pressure, is a continuous process for producing a mixture of 
water gas and methane, The capacity per square foot of generator surface of 
the Lurgi machine is said to be about three times that of other types of water- 
gas generators, The gas obtained in the Lurgi machine contains 30: percent 
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carbon dioxide, 15 to 20 percent carbon monoxide, 30 to 35 percent hydrogen, 
15 to 20 percent methane, and 2 percent nitrogen. The high operating pressure 
of the Lurgi generator favors the ‘production of methane and carbon dioxide. 
For Fischer-Tropsch synthesis, neither of these constituents is dcsirable; 

but it is reported that conditions can'be so adjusted, particularly by addin: 
carbon dioxide in appreciable amounts to the steam-oxygen mixture, as to min- 
imize the production cf methane and to produce a gas containing 62 percent 
hydrogen and 31 percent carbon monoxide, | 


The gasification of low-temperature coke with stcam scems to have beon 
extensively practiced in Germany during peer 


Anthracite and low-volatilc bituminous aeane can be dircctly gasificdee/ 
Using a ‘Jelsh stcam coal (14.5 percent volatile matter, 7.6 percent ash, and 
7.6 percent potential tar) experiments at the Fuel Research Station showed 
that it is possible to obtain a vicld of 65,800 cubic fcct of gas per ton of 
coal charged. A typical analysis of water gas obtained by direct gasificaticn 
of “‘clsh steam Coal showed it to contain 3.8 percent carbon dioxide, 0.2 per— 
cent C,H,, 39.7 percent carbon monoxide, 54.1 percent hydrogen, 0.7 percent 
methane, and 15 percent nitrogen. 


Conversion of Coke—Oven and Natural Gas 


. The .average coke-oven gas has the following composition: Carbon dioxide 
3.0 percent, CpH, 2.0 percent, carbon monoxide 7.0 percent, hydrogen 55 per= 
cent, methane 27.0 percent, nitrogen 6.0 percent, iicthane and unsaturated 
hydrocarbons (mainly othyLenc) can be converted with stcam, cither at high 
temperature in a goncrator or at somewhat lower tomperature in the presence 
of a catalyst. From 100 volumes of gas of the “above composition jt is possi- 
ble to obtain 190 volumcs of converted’ gas with the following composition: 
Carbon dioxide 4,2 percent, carbon monoxide 16.3 percent, hydrogen 75e3 per= 
cent, methane 1,0 percent, nitrogen 3.2 percent. 


Natural gas, methane from coal seams, cil-refinery waste gases, low—tem- 
perature carbonization retort gas, or any other gas rich in methane can be mace 
to react with steam, cxyg gp or carbon dioxide, or any ccmbination of these 
oxygenated paw. maverisis.20) ps beatae relations involved in the methane 
steam reaction show that above 850° C,.,. the reaction is almost entirely con- 
fined to CH, + Hp0 -—» CO+ 3H,, and with an excess of steam present at a 
temperature of about 750° Cet reaction is mainly CH, + 2H5 0 -->* C05 + 4Ho« 
in the absence of catalysts, the rate of reaction of methane “with steam is 
slow, becoming appreciable only at temperatures higher than 1,300° C. By 
passing methane plus steam plus carbon dioxide over a nickel catalyst at 750 
C., the following reaction may be realized: 3CH, + 2Hj0+ CO, —> LCO+ tel 
Catalysts consisting of nickel deposited on a toy agtoey miscures of alumina 
and clay are of satisfactory activity and durability. In the temperature 
range of 900° to 1,000° og? nearly theoretical conversicns are obtained. Fer 
lower Pompena canes "(750° te 850" C.) nickel-magnesia-china clay catalvsts . 
are ysed, 


: See footnote he 
36/ See footnotes 4 and 8.” 
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Conversion to Synthesis Gas 


Water gas may be converted to synthesis gas by treatment with steam, 
This may be carried out by passing a portion cf the gas over an iron oxide 
catalyst at a temperature of 400° C. The carbon dicxide produced is scrubbed 
out with water'or by reaction with ethanolamines, which are subsequently. 
regencrated, If cne-third of the water gas is converted with steam and mixed 
With unconverted gas, the mixed gas would have the following composition:. 
Carbon dioxide 5.1 percent, carbon monoxide 30.0 percent, hydrogen 61.0 per-— 
cent, methane 0.4 percent, and nitrogen 3,5 percent, Assuming that 1,000 
aubic fcct cf water gas are produced from 37.3 pounds of coke, the synthesis 
gas would have a volume of 60,000 cubic fect per ton of coke, As the gas 
contains 91 percent of hydrogen plus carbon mcnoxide, the _cquivalent volume 
of ideal gas would be 54,600 cubic feet per ton of seks ou e &. ve 


By treating 25 percent of the gas cbtained by direct gasification of 
low-vclatile coal with steam in the presence of a catalyst and mixing with 
the untreated gas, a synthesis gas of the following composition may be ob= 
tained: Carbon dioxide 11.5 percent, C,H, 0.1 percent, carbon monoxide 28.5 
percent, hydrogen 58.0 percent, methane "Oe 5 percent, and nitrogen 1.4 percent, 
This 3 is equivalent to 62,000 cubic feet of ideal gas a ton of Welsh steam 
cecal oo Ma 


In ecnverted coke-oven gas, the hydrogen ccntent is too high. However, 
if 190 volumes of converted gas are mixed with 250 volumes of water gas, 440 
volumes cf synthesis gas with the following composition would be obtained: 
Carbon dioxide 4,6 percent, carbon monoxide 30.4 percent, hydrogen 60.9 per-— 
cent, methane 0.7 percent, and nitrcgen 3.4 percent. 


Carbcnizaticn of 1 tcn of coal in coke ovens may be assumed to yield 14 
cwt, of coke and 6,000 cubic fect of surplus coke-oven gas, All the surplus 
gas could be utilized if 15,000 cubic fect cf water gas were added, which 
would require 5 cwt. cf coke, The products from 1 ton of coal would then be 
9 ewt. cf coke in addition to 26,000 cubic fect of synthesis gas (24,090 
cubic fect of ideal gas). ‘If it were desired to utilize all the coke and 
coke—cven gas fcr the manufacture of synthesis gas, it would be best to heat 
the cvens with preducer gas (made from coke). If 2 cwt. of coke were used for 
this pese, 12 ewt, of ccke and 12,000 cubic feet of ccke-oven gas would re- 
min,40/ This method of operation may be fcllcwed by referring to the diagram 


(figure 3). 


The coke would yield 36,000 cubic feet cf water gas and the coke-oven gas, 
cn treatment with excess steam, would give 23,500 cubic feet of converted gas, 
The total vclume of synthesis gas would be 59,500 cubic feet, with the follow 
ing compcsition: Carbcn dioxide 5.8 percent, carbcn monoxide 29.9 percent, 
hydrogen 60,3 percent, methane 0.7 percent, and nitrogen 3, percent. The 
equivalent vclume cf ideal gas would be 53, 61,0 cubic fect, | 


37/ See footnote 4, | , _ 


38/ See footnote he 
39/ See foctnote 4. 
L0/ See footnote 4. 
Li/ See foctncte he 
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An alternative method of operation would be to blow the water-gas gen- 
erator with a mixture of steam and coke-oven gas, using 10 cubic feet of Cor 57 
oven gas per pound of steam, whereby synthesis gas is produced in one stage 


' Purification of Synthesis Gas 


If the synthesis gas contains more than 1 grain of sulfur per 1,000 
cubic fee (0.2 gram per 100 cubic meters) the catalyst deteriorates very rap- 
idly. Sulfur is usually removed inamultistage process, in which the ini- 
tial step is removal of hydrogen sulfide by moist iron oxide, If four oxide 
boxes are employed, the gas leaving the last stage should not contain more 
than 0.01 grain per 1,009 cubic. feet, 


The second step in the desulfurizing process is the removal cf crganic 
sulfur. Part of the.organic sulfur compounds may be decompcsed by passing 
the gms over a mixture of sulfurized iron and alkal metal carbonate at 300° 
to 450° C., the resulting hydrogen sulfide being removed by moist iron oxide. 
Alternatively, the organic sulfur compounds may be removed by catalytic cxi- 
dation, A small quantity of cxygen (0.6 percent) may be mixed with the gas 
and the mixture passed over a nickel catalyst prepared by the deposition of 
nickel hydroxide on china clay, After sulfur dioxide and hydrogen sulfide 
have been removed the product contains about 10 grains of organic sulfur per 
1,000 cubic feet. Although this sulfur content is too high for the Fischer— 
Tropsch process, the methcd may be improved by the discovery of a more cffi- 
cient catalyst. Organic sulfur compounds may be catalytically reduced to 
hydrogen sulfide, which may then be removed by moist iron oxide in the usual 


Manner. 


wv 


The third stage is the passage of the partly desulfurized gas at 150° to 
300° C., over a mixture of iron oxide and a relatively large percentage of an 
alkali metal carbonate, , 


The influence of various promoters for the iron oxide catalysts has been 
studied, The addition of 10 percent cach of sodium hydroxide and thoria 
greatly improved the iron oxide catalyst. A 7:3 mixture of Luxmasse (techni— 
cal iron oxide) and diatomaccous carth with 30 percent sodium hydrcxide at 
350° C. reduced the sulfur to 0,07 gram per 100 cubic meters (after subsequent 
hydrogen sulfide removal). Some investigators claim tc have develcped satis— 
factory catalysts for sulfur removal by the additicn of 10 percent of copper 
or nickel hydroxides tc Luxmasse ccntaining 10 percent‘ of sodium hydroxide. 
This catalyst when used at 260° tc 250° C. and at a space velocity per hour 
of about 250 is reported tc reduce the sulfur content of synthesis gas to less 
than 0,2 gram per 100 cubic meters, , 


MANUFACTURE OF CATALYST 


Catalysts containing cobalt, nickel, and ircn are active fcr the synthesis 
cf liquid and solid hydrocarbons frem hydrcgen and carbon nencxidc. 


L2/ See foctnote 4. 
43/ See footnote 8, 
LL/ See footnote 8. 


1095 - 16 - 


Google 


I.C. 7366 


Nickel Catalysts 


ifixtures of nickel, cobalt, or bcth, with activating materials such as 
alumina, thcria, or cther difficulty reducible metal oxides can be used, 
Nickel plus 20 percent of manganese oxide and 4 to 8 percent of thoria, 
aluriina, tungsten oxide, or uranium cxide, mixed with 1.25 times its weight 
cf kieselguhr, yields 100 to 160 cc. of liquid hydrccarbcns per cubic meter 
cf synthesis: gas per pass at a space velocity (volumes cf gas per volume of 
catalyst per hope) cf about 150 and at optimum temperatures in the range 
185° to 210° C. The first pilot plant operated in Germany in 1932 em 
plcyed a nickel-manganese-aluminum oxide catalyst supported on kieselguhr, 
Nickel catalysts are best prepared by the addition cf alkali carbcnates to 
sclutions of the metal nitrates in which the kieselguhr is kept in suspension 
by mechanical agitation; the mixture is then filtered, washed, and dried. 
The‘presence of ammonia during the precipitation of nickel-manganese-alumina 
catalysts increases the yield in subsequent benzine synthesis and lowers the 
optimum reducticn temperature from 450° tc 300 to 350° C, 


pace et) of preparing active nickel and cobalt catalysts was in- 
vented by Raney, Alloys cf nickel or cobalt or bcth with silicon or alu- 
minum are prepared by fusion of the constituents in an induction furnace. 

The silicon cr aluminum is subsequently dissclved by aqueous caustic soda 
soluticn, leaving a "skeleton" of nickel or ccbalt, which is a highly porous, 
catalytically active material, The use cf siliccn yielded catalysts of higher 
activity ,than those cbtained frcm aluminum allcys, according to Fischer and 
leyer These investigators alsc reported that the optimum ratio of nickel 
tc cobalt is 1:1 and that the presence of small amounts cf copper or manganese 
is undesirable. The catalyst prepared from nickel, cobalt, and silicon in the 
ratio of 1:1:2 is very dense, with an apparent specific gravity of about 4.5, 
and yields about. 20 percent less liquid product in the hydrocarbon synthesis 
than is obtained from the same weight of nickel plus ccbalt in the fcrm of tne 
precipitated catalysts. The precipitated catalysts detericrate more slowly 
than the "skeleton" alloy catalysts, which, hcwever, are better heat conductors. 
Since the reaction is markedly ex.thermic, the improved heat conductivity would 
result in lower plant<installation ccst with aJloy catalysts, 


Cobalt Catalysts 


One undesirable feature of nickel catalysts is that, at operating pres- 
surcs higher than 1 atmcsphere, the catalyst deteriorates rapidly because cf 
the fermaticn of volatile nickel carbcnyl. Fir‘this and other reascns, such 
as higher producticn cf methane frcm nickel catalysts, cobalt catalysts have 
been used mere extensively. 


Cobalt catalysts containing 5 tc 10 percent copper, 4 tc 12 percent man- 
ginese oxide, and 4 tc 12 percent thoria, alumina, cr uranium oxide mixed 
with 1.25 times their weight cf kiesclguhr, yield 120 tc 170 cc. of liquid 


See foctncte &, 
4o/ See foctncte 8, 
47/ See footncte 8. 
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hydrocarbens per cubic meter cf synthesis gis per pass under tne same condi~ 
tions cf space velccity and temperature as given abeve for the nickel cata- 
lysts,48/ The maximum thecretical yicld is about 208 grams per cubic meter 

of gas containing hydrcegen and carbon mcnoxide in a 2:1 ratic. The use cf 
ccbalt catalysts generally results in a lower yield .f methane and in a higher 
propcertion cf clefins.in the liquid hydrocarbon preduct, Fischer and his 
cowcrkers have used a ccbalt-cgpper-thcria-kiescleuhr catalyst in most of © 
their experiments, Tsutsu. i49/ reported that 2 precipitated catalyst contain- 
ing equal parts cf cobalt and nickcl without the additicn cf promoters such as 
thoria cr alumine is 2 very pccr one fcr the hydrocarbon synthesis, He stated 
that his most activecatalyst is a mixture of cequal-parts cf nickel and cobalt 
plus’ 20 percent manganesc cxide, 20 percent uraniur: oxide, and 125 percent cf 
kieselguhr (the percentages are based on the amcunt cf:nickel plus cobalt 
present), Tsutsumi also fcund that the best ratio cf catalyst to kiesalguhr 
is in the range 1:1 tc 2:1, Katayama and his ccwerker Q reported that the 
activity cf a cobaltenickel (1: 1 )=nanganese-uraniur=the ‘riua cxides catalyst 

is increased by approximately 10 percent if it was oxidized at abcut 20° C, 

by a slow stream (space velocity per hour cf about 150) cf air befcre its 
ae reduction, 


e 


‘In Fischer's early experiments a cobalt-thori a-ldeselguhr exbaiyst,, 
100:18:100, was used, Recent reperts2l/ cr the Technical Oil iiissicn inves 
tigatcrs reveal that the ccbalt catalyst used in the large plants. in Germany 
alsc contained magnesium cxide (cobalt-thcria=magnesia~kiesclguhr, 100:5:8: 

180 to 200). Cobalt is best for the normal - (atmospheric) pressure synthesis, 
iron having been fcund unsuitable, Ccbalt and iron can be used in the middle 
(up to 10 atmespheres) pressure synthesis, Nickcl cannot be used ‘at. pressures 
higher than meal) ae as the volatile nickel carbonyl which is formed is’ 
lost by the system, The synthesis. gas usually consists of 2H2+ 1¢0 for. 
cobalt catalysts and 1Ho-+ 100 for iron catalysts, The primary productcf nor— 
mal- and middls-pressure synthesis is Kogasin, wnich is composed largely of 
straight—chain paraffin and: clefin hydrocsrbens, The percentage cf olefins 
decreases in the crder iron, cobalt, nickel (60, 40, and 5 percent, respective— 
ly). Increase in the H9:CO ratio increases the depree cf saturaticn of the 
product, and 4 large increase leads to the formaticn of large quantities of 
methane, The yicld cf olefins is inversely prcupcrticnal to tne hydrogen con 
tent of the synthesis gas. Theeffect of increasing the carbon muncxide:hydro— 
gen ratic is tc produce more clefins and carbon ePOeeaes 


The catalyst used at the Currieres-Kuhlmann cient at Harnes,.France, con— 
tained 18 percent ccbalt, 1.8 magnesia, 0.9 thoria, and 79.3 kieselguhr., This 
analysis is fcr the catalyst in the unreduced form befcre Ryd ceonet tons after 
the catalyst is hydecgenated, it is SeeR arene eer sear , | 


L87 See foctnote 8. ae | 3 

L9/ See footnote 8% - Se ee 

50/ See footncte 8. aa | ; 

51/ National Petrolcum News, Fischer-Trcpsch Process, TLIC, Index 373: Vols 
37, Noe 45, 1945, Ssece 2, PPe RIZZRILL. | 

52/ Sce footnote 6, 
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The paw usteriais used in preparing the” cobalt catalyst must be pure, — 
Small traces of impurities, such as calcium. oxide and iron, are deleterious. 
The cobalt mst be at least 99 percent pure, The remaining 1 percent is . 
either copper or nickel, The thorium oxide must not contain even traces of 
lead or phosphorus, The calcium oxide content mst be leas ‘than 0.2. percent 
by weight. The kieselguhr used must not contain iron or lime, and the. silicon 
dioxide content must exceed 92 percent, All organic matter must be removed by 
roasting. At the Harnes plant the German kieselguhr from Kieselguhr-Industrie— 
Hannover No. 120 was preferred... Johns-isanville Filtracel was acceptable; it 
was chemically purer than the German material, but its size was not.:controlled 
as accurately, Finally, the nitric acid used must be made from distilled water 
in order to avoid all traces of calcium oxide, | ) 


The Technical Oil hiission investigator obtained a description of the . 
catalyst manufacture at the Harnes plant. The raw, materials,cobalt. petal 
and magnesium and thorium oxides, were placed in one of a series of three mix- 
ing tanks, along with the required quantity of 36° B. nitric acid and up to 
1,000 liters of distilled water, Approximately 40 to 50 kilograms of nitric 
acid per 100 kilograms of finished catalyst were used, , The: acid quantity was | 
20 percent in excess of that required theoretically to convert the cobalt, 
meeRees and thorium eandes to nitrates. | | 


The second tank coueainen 10 percent sodium carbonate solution ana up to 
1,000 liters’of distilled water, The contents of this tank and the nitrated 
products of the first one were ‘quickly and simultaneously run into the third 
tank, which was fitted with a-mechanical agitator and heated to 100° ¢,. The 
resulting mixture had a ee of 7.2, slightly on the alkaline side, 


Regulation of the pH was most important, as the formation of bicarbonates 
was undesirable, The boiling temperature alsc aided in releasing carbon 
dioxide, The even was added to the mixture in the third tank with vig- 
orous stirring. . . 


The precipitate was first washed with distilled water in ‘ sia bestyse 
filter press and then repulped with distilled water in a horizontal mixing 
tani with a screw-type agitator, After. suitable stirring the slurry was _ . 
filtered on an Oliver rotary=-type suction filter, The filter cake was then 
put into an extruding-type press (called "Strangpresse" by the Germans), where 
the water content was reduced to 6 to 8 percent, The catalyst was then dried 
cn mcving belts passing —- uns stcam-heated drier at 120° ve The time of 
passage was 2 hours. | : 


The catalyst was tien epushea ines granules: sboud the sue of a pea ina 
unit with a screen bottom, 4 millimeters mesh size, where a sweeping broom 
device forced the catalyst through the mesh, Dust and fines were removed in 
@ vibrating inclined sereen, :. | o ” 


The sized catalyst particles were placed of. a ‘epecial type of container ) 
having ccnical ends piped up to a closed hydrogen circuit, so that the pdllets' 


BY, See footnote 451, | . 
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resting on a screen tray could be easily exposed to the hot gas. The hydro—. 

gen was heated in a furnace to 350° C. before entering the container. Since 
reduction of the oxides and carbonates produced water, the exit gas was dried 

by passage successively through water-cooled coils, ammonia~cooled coiis, and 
finally silica gel, returning to the hydrogen heater for recirculation. This 
step took approximately 15 minutes, The catalyst was not completely reduced tc . 


cobalt metal. 


After the reduction, the reactor was cooled and filled with carbon dioxide. . 
The contents were transferred to a closed bucket container, still in a carbon 
dioxide atmosphere, this precaution being necessary to prevent the reduced 
cataiyst from catching fire, The carbon dioxide was purged from the system 
as soon as the hydrocarbon feed entered the reactor. 


Regen aN ge se of spent catalyst was an important phase of the Harnes-plant 
operation, The spent catalyst, containing cobalt, cobalt oxide, magnesium 
oxide, thorium oxide, and kicselguhr, was treated with nitric acid which dis— 
solved the cobalt, thoria, and magnesia, After filtration the kieselguhr 
residue was discarded, The filtrate was neutralized with sodium carbonate . 
solution to a pH of 4.2, This precipitated thorium and magnesium carbonates, 
which were separated from the cobalt and calcium nitrates by filtration, The 
filtrate was treated with sodium fluorids, precipitating CaF., which was sepa- 
rated from the cobalt nitrate mother liquor by filtration, fhe latter was 
then sent to the catalyst preparation plant, 


The thorium-magnesium carbonate precipitate was dissolved in sulfuric acid, 
and upon addition of a controlled quantity of sodium hydroxide, ferric. and . 
magnesium hydroxides were precipitated. - These were separated from the thorium 
solution by filtration, The thorium solution contained a double salt, which 
upon heating to 80° C. was hydrolyzed, precipitating thorium hydroxide. The 
latter after washing was dissolved in nitric acid and the solution sent to the 
catalyst preparation plant. 


Cobalt catalysts may be prepared by impregnating kicselguhr with the 
metal nitrates and subsequent decomposing by roasting; their activity when 
thus prepared is about the same as when they are produced by precipitation 
from aqucous solutions, It appears, however, that the precipitation method 
is preferable for the preparation of nickel catalysts, 


Iron Catalysts 


The relatively high cost of cobalt and nickel has prompted continuous - 
research on the development of iron catalysts for the Fischer~Tropsch synthesis. 
During the Second World War, German investigator developed an iron catalyst 
to be used in the Fischer-Tropsch plant which they wore planning to build in 
Italy. The catalyst contained 100 parts of ircn, 2.5 to 4 parts copper, 

10 parts calcium oxide, and 15 parts kicsclguhr, The catalyst was prepared 
from the nitrates by precipitation with sodium carbonate, Other developments 


5h/ See footnote ble | | | | 


55/ See footnote 2h. 
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included synthetic ammonia-type- (Fe-Al503 -K50) and sintcred-iron catalysts. 
The latter was prepared-by making a paste 2 of 4 ‘iron: powder (cbtained by decom 
position of iron carbonyl) with a dilute sclution of sodium borate, The 
extruded and dried granules were heated in a hydrogen atmosphere at 850° C. 
for several hours, The products obtained from iron cata lysts contain large 
amcunts of alcohols when the cperating tomporature is’ 200° to 240° C. and 

when extensive recycle of. end gas (50 parts to I of fresh gas) is used, 

When little or no recycling is done the product’ is largely an olefinic oil 
plus large amounts (up to 50 percent of | the total pessiie of a hard wax. 

At higher temperatures in the range 300° to 325° C,’ the product is chiefly 

an olefinic gasoline. Iron catalysts operated at 235° C. and 15 atmospheres 
pressure produce increasing amounts of paraffin wax with increased (# to 5 
percent) alkali content. In the middle=pressure synthesis with iron catalysts 
the ideal synthesi ap7ees mixture is reported:to be 60 percent CO and 40 percent. 
Hy (CO:B,=1.5: 1).2/ with such a gas mixture 150-160- grams of solids, liquids, 
and pe per cubic meter’ ‘of synthesis gas can bé obtained. 


Ruthenium Catalysts 
Ruthenium catalysts operating at 100 atmospheres pressure produce a 
mixture cf solid waxes with a melting point up to 134° C, 


PROPERTIES OF THE PRIMARY FISCHER-TROPSCH SYNTHESIS PRODUCTS 


The product obtained by passing a gas mixture containing hydrogen and 
carbon monoxide over a suitable catalyst consjats of gaseous, liquid, and 
solid portions. The gaseous portion consists of permanent gases, such as 
methane and carbon dioxide,in addition to unreacted carbon monoxide and 
inerts initially present in the synthesis gas; there are also condensable 
hydrocarbons, consisting mainly of propane, butane, and Cs; and Ch olefins. 
These product gases may be separated from the permanent any by adsorption 
on active charcoal(atmospheric pressure) or oil ecrupbang (medium pressure). 


The primary product cf the Pisohensteusech synthesis, labeled "Kogasin" 
by Fischer, has been shown tc ccntain largely straight~chain paraffinic and - 
olefinic hydrocarbcns, with only very minor amounts of aromatic hydrocarbons, 
naphthenes, and oxygenated orgahic compounds. Table 3 contains data on the - 
boiling ranges and olefin contents of tne various fraicticns of the priuary 
product obtained in Fischer's labcratery from a cobalt cata] lysteal/ The gaso=- 
line fraction bciling from 30° to 200¢ sit? sonetimes called Kogasin I, consti- 
tuted 60 percent cf the total: prcduct. 58/ The gascline fraction poling to 
150° C. was céllected by adsorption on active charcoal, Its densitv was 0.680 
at 20° C.; and, in despite an olefin content’ cf 45 percent, the octane rating 
was omly about 55. Fischer claimed that this rating might be increased to 72 
by the addition of 0.5 cc. of tetracthyl lead per liter of gascline. The cnly 
refining necessary was.a wash with alkali to remove traces cf fatty acids.” - 
Typical prcperties of Kogasin gascline are shown in table 4, 


56/ See foctnote be 


57/ See footnote 8, 
58/ See foctnote 4. 
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TABLE 3. — Composition of Kogasin 


Percent by Olefin content, percent 


Constituents weight | by volume 
Gasol C, FC, jecccccccccsee| 8 | 55 
Gasoline”to 1 0° Ceweeeeewar ' 16 45 
Gasoline 150° tc 200° Ci... 14 ; 25 
Diesel O1l44666 ceeaw sewe<e a | 22 10 
Paraffin wax from oil (melt- - . 
ing peint 50° Ce )ieiees Se 7 2 a 


Paraffin wax from catalyst 


(melting point 90° Ci) ees 3 | | - 
- TABLE 4. -— Properties cf Kogasin mctor spirit 


fests, Results, percent 
Engler distillation: ..ecose |. 


To 60° Eee eee ccs wee 7 
80 Gewb Gaiwe Biecewkce 2k 
100 Cinihioss ceed ees 43 
120: “Gye accsie see eters 5205 
TO: (Geer case sie s 65 


180 Cidasieseewenws 
Specific gravity at 15° Cc, 


{ 
f 
! 
160 Cite weseeneees ; 76 
t 
Octane number seepecccces-e ! 


The rest of the liquid portion ccmprised a Diesel oil fraction Kogasin 
1129/ boiling between 200° and 320° ©,, together with a certain amount of 
soft paraffin wax, The solid porticn consisted cf hard wax, recovered from 
the catalyst by means cf solvents, 


The desirability of cperating the Fischer-Tropsch synthesis in two or — 
more stages has been generally recognized. By this procedure production is 
increased by about 20 percent cver the singlo-stage cperation, and the life 
cf the catalyst is increased, Tables 5 and 6 shew the data obtained by the 
Ruhrchemic A. G. in Germany on a two-stage cpcration, the first being at 
atmospheric pressure and the seccnd at seoveralatmospherecs, Little paraffin 
waxwas produced in the aan tage, but the second stage yields twice as much 
as was reported by Fischer. The second strge produced 43 percent of oil 
boiling above 300” C., whereas cnly 15 percent of the first-stage cil boiled 
above that temperaturc, The second-stage gasoline from the charecval scrubbers 
had a lower clefin content than did that of the first stage, The octane rating 
of the 30° to 140° C. gasoline was 62; that of the 30° to 110° C. was 67. 


pa See footnote 4. 
60/ See footnote &, 
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TABLE 5. - Properties of products from two-stage operation 


| Percent by weight 
Boiling Olefins, volume percentjof total product 


range, Specific First j{ Second Second 
Constituent =C. pravity stage stage a ce | stage 
Gasol (Cz + C) ... 50 25-30 _ | 2 
Gasoline’ to--150° C. 30-150 | 0.66 35-40 20 ak 8 
Oil over 150° C. .. A005 200 074 12 12 - 26.5 | 11 


Paraffin wax ererest = oF | sal - [ el 


" TABLE 6. - Distillation of Kogasin from 
: two-stage operation 


\s] 
30 eoe8eoeoeoev ed e808 


50 eesveenevececeoe 


} 3 
100 e078 OCD CH CES | 29 | ; 14 


150 eseteoeoeeveee © 2h 
200 ssinisieiss scien 32 
48 


250 eevoeevoeceea0ne. 


@—o@eqqneeeonee ede 


Diesel o11 can be isolated from Kog&ésin by simple distillation. The 
Diesel oil obtained has a boiling range of about 200° to 360° C., a specific 
gravity (at 20° C.) of 0.769, a cetene value of over 100,. and a heat of com- 
bustion of 10,470 to 11,300 calories per gram (18,900 to 20,300 B.t.u. per 
pound). This material, because of its high heat of combustion and high cetene 
number, is suitable for mixing with and improving oils of lower ignitibility, 
such as tar oils and heavy petrodeum oils. An addition of 30 to 40 percent 
of Fischer-Tropsch Diesel oil generally suffices. 


Paraffin wax with melting points ranging from 50° to 100° C. and with © 
molecular weights up to 2,000 are produced by the hydrocarbon synthesis on 
cobalt, nickel, or iron catalyst. Ruthenium is far more effective than any 
of these in producing solid hydrocarbons, By a single pass of synthesis gas 
at 1 liter per gram of ruthenium per hour over the catalyst at 195° C. and 
100 atmospheres pressure, 100 grams of solid paraffin and 50 grams of oil 
were obtained per cubic meter of gas. The solid paraffin was snow white in 
the crude state and melted to a clear liguid at 118° to 119° C, Hitherto 
unknown solvent paraffin hydrocarbons were isolated from the crude paraffin 
with melting points up to 132° C. and molecular weights of 7 2000 to 9,000. 
The highest melting point reported was in the range 152° to 134° C., corre- 
sponding to an average molecular weight of 23,000. 
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FURTHER TREATMENT OF FISCHER-TROPSCH PRODUCTS 


The gasol fraction (C, + Ch, ) can be liquefied by compression and sold 
for heating and lighting woe coal gas or electricity is not available. 
Alternatively, it may be subjected to isomerization to convert butane to 
isobutane, followed by alkylation, whereby isobutane and butylene unite to 
form iso-octane. 


Cracking the primary product fraction. boiling above 200° C by means of 
techniques well-known to the petroleum industry and mixing the cracked gaso- 
line with the primary Kogasin boiling up to 200° C. will produce, in about 
80—percent yield, a finished gasoline with approximately 195°.-Ce distillation 
end point, 68 octane. number , and 0.728 density at 15° C, 


The primary product of the Fischer-Tropsch synthesis does not contain ~ 
any lubricating-oil fractions, but it does contain large amounts of olefins, 
which can be readily polymérized to yield good lubricating oil. The’ following 
possible procedures for producing -lubricating oil from the hydrocarbon-synthe— 
sis products have been tested: (1) Chlorination.of the gas-oil fraction 
(boiling point > 200° C,) and mixing the products with aromatic hydrocarbons 
in the presence of aluminum chloride; -(2) chlorination of the gas-oil fraction 
and polymerization without addition of aromatic hydrocarbons; (3) direct cata— 
lytic polymerization of the olefins produced in thesynthesis; and (4) chlorina- 
tion of the paraffin wax, followed by elimination cf pyc ene acid and 
polymerization of the resulting olefins. , 

The lubricating oils are as stable toward air and Light as mineral lubri- 
cating oils; their stability is increased by'hydregenation. Subjected to the 
British Air iinistry oxidation test, the oils show.a greater increase in vis= 
cosity but a smaller increase in Conradson carbon than mineral lubricating oils. 
The properties of the lubricating. oil obtainéd depend largely on the boiling 
range and olefin content of the Kogasin fraddtton;used. The higher-boiling 
Kogasin fractions yield lubricating oils of the highest viscosity index, Un+- 
fortunately, the yield is small because of the low olefin content of the high- 
boiling Kogesin fractions. Oils made by polynmcrization of Kogasin fractions 
produced from CO:2H5 are inferior to those from CO: H, Kogasin, not because of 
a lower olefin content of the raw material but becauSe of difference in con- 
stitution of the olefins, The mean stan ber thie of the lubricating oils 
ranged from 550 to 1240, ‘ tn OT 2 eee 
The paraffin wax produced by the Pischerctepeeh reaction is of good 
quality. It canbe used for the manufacture of candles or for electrical 
insulation, or it can be oxidized to fatty acids ‘and-hence converted into soap. 
By esterification with glycerol, 1% 18s Poser ohe to convert the fatty acids into 


edible fats, 


| Figure 4 represents sade bie asete cant yield of products from 
coal by the Fischer-Tropsch synthesis, using the Ruhrchemie process. 
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